This paper reports about the development of a fingerprint technique to evaluate partial discharge (PD) measurements on HV components. Based on routine measurements in several actual HV objects, the recognition of different PD faults is discussed.
INTRODUCTION
equipment usually is tested for discharges using H" conventional discharge detection (bandwidths -300 kHz) . Due to the increasing automation of PD measurements in recent years, the use of digital evaluation has become very popular [l-61. It is known that the digital recording of measured information permits more systematic analysis of the discharge process.
In this paper practical implications of a fingerprint technique as introduced in the past [l] , and as used in a recently commercialized PD analyzer (TEAS) [4, 7, 8] , will be presented here and will be discussed in the scope of the following goals.
The main goal of the automation is to create additional information about the source of the discharge. As a result, the electrical engineer will be aided in his decision about the quality and the conditions of an insulating system. In particular, the manufacturer of HV systems is interested in controlling the quality of his product, the testing institution is interested to certify the product, and finally the user of HV system is interested to know the residual life of his equipment.
Thus, there is a need to develop techniques to analyze the discharges and to produce a PD data bank for such purposes as development, manufacturing and monitoring of HV systems.
When the information of a discharge pattern can be quantified, resulting in a fingerprint of the measurement, it can be used for comparison with unknown situations [9] . In this way, most of specific design or manufacturing problems which may lead to discharge could be classified. As a result, a more efficient identification of discharge sources would be possible.
According to recent results, using continuous registration of PD over time, the degradation of the insulation at the discharge site may also be assessed [ l o , 121. 
PD PATTERN RECOGNITION
In the past a strong relationship has been found between the shape of PD patterns which occur in the 50 or 60 Hz sine wave and the type of defect causing them [Ill. It is known that each discharge source with its geometry, location in insulation, dielectric properties and applied field is characterized by a specific sequence of discharges. An analysis of these sequences is thus a good means of discriminating between different discharge sources. Therefore, using digital processing, the PD pulses are grouped with respect to their intensity and their phase angle.
In this Section a concrete solution of a computer-aided PD detector will briefly be presented. A more detailed description of the system is given in [4,5]. The PD measuring circuit as used in these studies was composed of a coupling capacitor, a measuring impedance, and a PD detector, bandwidth 40 to 400 kHz to measure and to display the PD pulses. In addition to this conventional PD detector, a digital instrument (TEAS) was used. It is known that the analog instrument which provides quasiintegration of the discharge current pulses has a pulse resolution time between two consecutive discharge pulses which is inversely proportional to the bandwidth of the measuring circuit. Moreover, to guarantee that no single discharge pulses as measured by the analog instrument is lost by the digital acquisition, the resolution time of the digital part has to be adjusted (during PD circuit calibration) to the pulse resolution of the analog system [8].
As a result, depending on the measuring circuit as used in particular cases, the time resolution of two consecutive discharge pulse was varied between 6 and 10 ps.
Using computer-aided processing, the PD pulses were grouped with respect to their phase angle. For this purpose, during the data acquisition the whole voltage cycle was divided into several phase windows, together representing the phase angle axis 0 to 360'. Due to the fact the resolution time of the data acquisition was varied between 6 and 10 ,us, in case of 50 H a power frequency 3333 to 2000 phase windows were used.
If the PD pulses are collected over several voltage cycles, in these phase windows the distribution of discharges can be observed. Moreover, based on these distributions three quantities can be determined: the number of PD pulses, the maximum value of PD magnitudes and the average value of PD magnitudes.
These quantities, observed throughout the whole angle axis 0 to 360', result in the following three distributions for the positive (+) and the negative (-) half of the voltage cycle [7] : the pulse count H , i ( 4 ) , the mean pulse height Hqn f (#) and the maximum pulse height Hqma+ f (4). To provide the analysis of all these distributions and above all to quantify their characteristic shapes, the following statistical operators were introduced in the past [4, 7, 12] .
The asymmetry of Hqn($), H,,(d) and Hqmas(r#) is the quotient of the mean level in the (+) and in the (-) sets.
The phase factor of Hqn(4) is used to study the difference in inception voltage in the (t-) and the (-) sets. The cross-correlation factor of Hqn (4) After a PD measurement has been finished, the above mentioned statistical operators are processed [8] . In Figure 4 an example of phase-resolved distributions and their fingerprint are shown. The time duration which is needed to collect the data depends on the intensity of the PD process itself. The experiments as discussed in this paper have shown, that in practice between 2 and 10 min are sufficient to produce the characteristic fingerprint of a PD source.
Using the fingerprint of a particular measurement, a comparison with fingerprints of normalized PD sources like cavity discharges, surface discharges, corona discharges etc. is possible. For this purpose, using mathematical pattern recognition methods, the percentage can be obtained which reflects the recognition of a particular measurement as a defined discharge type in the reference data [9] . In Figure 4 an example of such classification is shown. More detailed description of this technique, called centour score, is given in [9] . In particular, for the number of statistical operators of reference data a collection of fingerprints occurs. The mathematical center C of these fingerprints is determined and the position of an unknown discharge as represented by a set of statistical operators X can be compared with this center. The recognition score is now defined as the percentile rank of the data (fingerprints) which are further away from the center C of the known discharge population than the measured value of an unknown discharge X . This percentage is not the same as the probability that X is indeed identical to the standard defect, but it gives a reasonable reflection of it. The score of the unknown defect is 80% if eighty percent of the fingerprints of the reference data are further away from C than X itself.
PD DATA BANK
When several fingerprints are available, it is possible to develop a collection containing specific data: the PD data bank. In this way an unknown discharge measurement as represented by its fingerprint can be compared to a collection of known situations.
for instance the device 'Artificial defects' contains cavity discharges, surface discharges, corona discharges etc. An other device for instance 'GIS' may contain problems which may occur in the case of GIS system only.
In the next Section a list of 17 problems representing the device 'Artificial defects' is shown. An example of a device where industrial problems of a HV system are defined is discussed in Section 5. Using practical examples, the application of the above mentioned technique will be shown using two kinds of PD data bank. A data bank is judged to be well designed if it produces a high similarity for the correct defect and low or nil for all the others. If no recognition is possible, the result should be low or of nil similarity for all defects.
Of course, the result of such a recognition process strongly depends on the following factors: the test conditions at which the reference data are obtained, the number of measurements used to represent a defect and the way the data bank is organized.
From a practical point of view it is attractive to organize such a data bank using the following structure with two levels of storage, see Figure 1 .
At the device level, here each device represents one of different groups of PD problems, for instance 'Artificial defects', 'Epoxy insulated current transformer', 'Paper/oil bushing', 'GIs', etc.
At the problem level, each of the above mentioned devices is characterized by means of specific problems,
RECOGNITION USING 'ARTIFICIAL DEFECTS'
The device called 'Artificial defects' contains 17 problems corresponding to simple two-electrode models, representing 17 possible defects in the insulation. In the following PD sources, their model description as well as the test conditions are listed which were used for analysis of discharges in HV components. Figure 2 . The 3D plots as observed on different HV components.
Each of these defects is represented by series of 279 fingerprints as obtained for one and the same type defect (between 5 and 9 different samples) and stored in the device 'Artificial defects', each as a separate problem. In the following, this collection of known fingerprints will be used to recognize unknown discharges in HV systems. In Figure 2 three examples of a 3 dimensional relationship between discharge magnitude, PD intensity and the phase angle H , (4, q ) distribution are presented. As shown, different insulation defects in industrial objects are characterized by typical differences in the landscape of such 3-dimensional figures. It confirms the opinion that these Hn(q5, q ) distributions as mentioned here might be very useful to analyze the discharge processes in actual HV equipment [ 1, lo] .
In the following this fingerprint collection of artificial defects will be applied to recognize PD sources in three HV components: 23 kV insulator, 10 nF capacitor and 245 kV instrument transformer. 
CAVITY DISCHARGES IN EPOXY RESIN

I N S U LATO R
In a 23 kV insulator the origin of discharges was related to air pockets around the ceramic core of the insulator which remained after casting, see Figure 3 . The evidence of these defects was found by X-ray photographs.
In Figure 4 The comparison to the 'Artificial defects' recognizes clearly internal discharges (98%) cavities dielectric bounded; the resemblance to other defects is low. 
CONTACT NOISE DISCHARGE IN MIXED INSULATION CAPACITOR
A 10 nF/200 kV capacitor showed discharges which are due to a bad solder joint between capacitor packages inside the capacitor, see Figure 5 . The evidence of this defect was found by visual examination after dismantling the test object. It follows from Figure 6 that the contact noise (72%) was clearly recognized and the floating part (38%) to a lesser extent. Also there is no resemblance to other defects.
FLOATING PARTICLE DISCHARGES IN CT/ P T COM BIN ATlON
A 245 kV paper/oil combination of a current transformer/potential transformer (CT/PT) has shown discharges which are caused by a floating aluminum screen inside the transformer. The evidence of this defect was found by visual examination after dismantling the test object. This transformer was tested during 2 min at 395 kV. In Figure 7 the phase position quantities Hqmoz(+), H q , ( 4 ) and H,,(4) as well as the fingerprint and the result of comparison to 'Artificial defects' are shown. In Figure 2 the 3D plot of the Hn(4, q ) distribution as processed during this test is shown. The classification diagram confirms the origin of discharges: 94% floating part. There is no resemblance to other defects. 
5.
RECOGNITION USING INDUSTRIAL CASES
As shown in the previous Section using physical models of different PD sources, their fingerprints can be used to recognize defects in actual industrial objects. Experience has shown that the recognition of industrial defects depends on how near the artificial defects come to actual cases. In Figures 8 and 9 two examples are shown where recognition using data bank 'Artificial defects' is used to recognize a known defect in the insulation of two generator stator bars: PD in gaps between main insulation and insulated copper strands,and PD between strands. It follows from Figure 9 that the use of artificial defects also has its limitations. Moreover, factors like roughness of the interface surface, the shape of the defect, the aging process, local field strength etc. of a particular defect in a real component may influence the measured PD sequence which is the basis for the recognition. A systematic study
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of this relationship was out of the scope of this paper.
It is known also that with regard to a particular HV system a number of discharges can occur, which are only specific for this component, and their modeling does not make much sense.
Therefore it is equally important to develop a second type of PD data bank which shall contain HV systems and industrial problems.
With the fingerprints of these discharges, a catalog of possible 'Problems' can be made. Such a collection is of importance when in the future similar situations occur.
In the following practical examples are presented of a device called 'Reactor coils 350/400 kV'. This device was developed after the analysis of discharges in different reactor coils of 75, 350 and 400 kV transformer test sets. Moreover, all defects as mentioned in this Section could actually be found by visual inspection and could be repaired. Schematic cross section of a transformer test set showing location of industrial defects.
In particular five different discharge sources were studied and their fingerprints were used to define the industrial problems of test transformers, see Figure 10 . Bushing discharges in 350 kV reactor coil, coil discharges in 350 kV reactor coil, foreign part discharges in 400 kV reactor coil, and surface corona discharges in 400 kV reactor coil, 6. OIL DISCHARGES IN 400 kV REACTOR COIL,
In Figures 11 and 12 examples of 3-dimensional distribution H,,(q5, q ) as observed for the above mentioned The 3D plots as observed on different HV components.
industrial problems are shown. Similar to results in Figure 2 , the same conclusions can be drawn from these diagrams. First of all these five groups, each represented by at least 30 fingerprints, were mutually compared in order to see whether and in what measure they could be distinguished from each other.
This was done by calculating the classification if one of the five fingerprints is compared with either itself (self recognition) or with the other four. This proved to be quite successful: self recognition was 98 to loo%, whereas the classification fell below 40% when the other defects were entered. This proves that sufficient distinction between these five 'industrial problems' exists. In the following, the above mentioned five industrial problems are discussed where in total nine 350 and 400 kV test transformers are tested. Due to the low number of test objects, the main goal of this comparison is the introduction of this analysis method and not systematic test of the performances of this method. Using only one sample of a 75 kV reactor coil the effectiveness of this method to detect unknown insulation problem was possible.
BUSHING DISCHARGES IN 350 kV REACTOR COIL
The 350 kV transformer test set showed discharges caused by a bad connection of the bushing inside the 
Figure 13
The phase-position distributions, the fingerprint, and the recognition by data bank 'Reactor coils:
350/400 kV' as observed on bushing discharges in 350 kV reactor coil. In Figure 14 examples of the phase-position quantities, their fingerprint and the result of the recognition are shown. In Figure 11 the 3D plot of the H,(r$,q) distribution as processed during this test is shown. It follows from the classification diagram that this type of defect: 'PD in coil' is 100% recognized. There is no resemblance to other defects. The phase-position distributions, the fingerprint, and the recognition by data bank 'Reactor coils:350 to 400 kV' as observed for foreign part discharges in 400 kV reactor coil.
FOREIGN PART DISCHARGES IN 400 kV
REACTOR COIL
This 400 kV transformer test set showed discharges caused by small dielectric particles between the coil and the internal screen. Two tests of 2 min were carried out at 100 kV test voltage. The collection of 60 fingerprints were used to define the 'industrial problem': 400 kV reactor: PD/foreign part. In Figure 15 an example of the phase-position quantities, their fingerprint and the result of the recognition are shown. In Figure 12 the 3D plot of the If,($, q ) distribution as processed during this test is shown.
It follows from the classification that this type of defect:' PD/foreign part' can be 100% recognized. The resemblance to other defects as measured in both types of transformer is < 23%. The phase-position distributions, the fingerprint , and the recognition by data bank 'Reactor coils: 350 to 400 kV' as observed for surface discharges in 400 kV reactor coil.
SURFACE DISCHARGE IN 400 kV REACTOR COIL
Surface discharges were found on the cylinder surface of a 400 kV transformer test set. Five tests of 2 min were performed a t 376 kV test voltage. The collection of 150 fingerprints were used to define the 'industrial problem': 400 kV reactor: surface PD.
In Figure 16 an example the phase-position quantities, their fingerprint and the result of the recognition are shown. In Figure 12 the 3D plot of the H , ( 4 , q ) distribution as processed during this test is shown. It follows from the classification diagram that this type defect: 'surface PD' is 100% recognized. There is no resemblance to other defects. 
OIL DISCHARGES IN 400 kV REACTOR COIL
Discharges caused due to high moisture content of the oil were found in this type of 400 kV transformer test set. One test of 2 min was performed at 304 kV test voltage. The collection of 30 fingerprints were used to define the 'industrial problem': 400 kV reactor: P D in oil.
In Figure 17 an example the phase-position quantities, their fingerprint and the result of the recognition are shown. In Figure 12 the 3D plot of the H , ( # , q ) distribution as processed during this test is shown. It follows from the classification that this type defect: 'PD in oil' is 100% recognized. There is only a small resemblance (27%) to other defects.
COIL DISCHARGES IN 75 kV REACTOR COIL
This 75 kV transformer test set showed discharges caused inside the coil. At a voltage of 72 kV a 5 min test was made and the results were compared to the 'industrial problem' of reactor coils: 350/400 kV.
In Figure 18 the phase-position quantities, their fingerprint as well as the result of the recognition are shown.
In Figure 11 processed during this test is shown. Looking at the classification diagram, 95% resemblance to the 'industrial problem': 350 kV reactor: PD in coil is clearly visible.
Using this example (blind testing) the applicability of fingerprints of one type of defect, as obtained using different HV systems, is shown. In other words this example shows, that it's possible using collection of industrial defects to recognize an unknown defect in other type of HV component.
CONCLUSIONS
HIS presented attempt to apply the fingerprint tech-T nique to develop a PD data bank of full scale HV systems is encouraging. The results obtained are summarized as follows.
It has been shown that the use of conventional detection combined with statistical analysis techniques can be used for recognition of different discharge sources.
The proposed device/problem structure for the storage of fingerprints in a PD data bank is straightforward and can efficiently be used.
It is possible, using physical models of discharges (artificial defects) to prove their presence in complete HV systems. In this way the applicability of results as obtained from physical models of discharges for the evaluation of the full scale HV systems is possible. However this way of recognition of PD sources has also its limitation, see recognition of discharges as shown in Section 4.
It is possible, using the fingerprint techniques to classify the properties of several 'industrial defects' in specific types of HV equipment. Moreover, this information may be useful to recognized defects and to take the measures to make repairs, see the recognition of coil discharges in a 75 kV test transformer using the collection of fingerprints as obtained for 350 and 400 kV transformers.
Using the presented method the recognition of defects in actual industrial objects becomes more realistic. Needless to say, experience still has to be acquired with using the 'industrial defects' data base on HV equipment with unknown problems. This task will require many years of correlating fingerprints with actual conditions in the test departments of the manufacturers, the testing institutions and the users.
